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By Lionel L. Levy_ Jr._ and Elliott D. Katzen

SU}_ARY

An analysis has becn made of atmosphere entry trajectories to

determine the range for t_{<,types of maneuvers. For one type of maneuver

range _as controlled pri_icipally by varying the _oint in the trajectory

where the lift-drag ratio was reduced to maximum negative lift-drag

ratio. For the other type of maneuver range was controlled principally

by varying the value to _hJch the lift-drag ratio was reduced. The

influence on range of maximum deceleration limit_z and an error in lift-

drag ratio was included; the convective and radiative heating to the

stagnation point of the spacecraft were also studied. The analysis was

made for a spacecraft with a maximum lift-drag ratio of 0.5 entering

the earth's atmosphere s_ parabolic velocity. T]_e results for both

types of maneuvers indicate that the spacecraft aerodynamics can provide

ranges up to global range. For an error in lift-drag ratio of ±0.001

over part of the trajectories_ the range is obtained with relatively

small errors for one of the types of maneuvers, depending upon deceler-

ation limit and corridor depth. Essentially_ no penalty in heating is

incurred for ranges from a%out 9_000 miles to global range.

INTRODUCTION

In the return of a m_med spacecraft to earth, the ability to

control the trajectory and land at a predesignated area or areas is of

major importance. A factor of significance in achieving this goal is

the control of range from the entry to touchdowns. There have been a

number of investigations (see_ e.g.; refs. i through 6) to assess this

range control problem for manned spacecraft. Generally_ in these inves-

tigationsj maneuvers to control the range were studied for a single

deceleration limit; the studies _ere made without considering the accuracy

requirements and capabilities of the spacecraft _n sensing and controlling

lift-drag ratio during entry.

In the present investigation two types of maneuvers to control the

range are studied with consideration given to errors in lift-drag ratio.

For one type of maneuver_ various deceleration limits are considered.

The maneuvers consist of discrete changes in lift-drag ratio obtained

!



by changes in angle of attack of a spacecraft with an assumed drag polar.

The errors in lift-drag ratio could be due to guidance system errors in

sensing deceleration and flight-path angle_ or to errors in controlling

the spacecraft. With the control of range_ the question logically arises

as to the magnitude of the attendant heating. Accordingly_ convective

and radiative heating results are also described. To obtain these results

a trajectory analysis has been made which uses an IBM 7090 computing

machine to solve the two-dimensional equations of motion of references 7

and S. The results obtained are for parabolic entry velocity_ a non-

rotating spherical earth_ and an exponential atmosphere. The spacecraft

has a maximum lift-drag ratio of 0.9 and follows trajectories that either

stay within the sensible atmosphere or skip out of the atmosphere but

stay below an altitude of 400 statute miles.

NOTATION

A

9

7

A

CD

CD o

CL

D

g

G

L

m

q

r

r o

R

s

reference area for drag and lift_ ft 2

drag coefficient; 2_D
pV2A

drag coefficient at zero lift

lift coefficient, 2_L
pv2A

drag force, ib

local gravitational acceleration, ft sec -2

deceleration in g units

lift force, ib

mass of vehicle, slugs

total heat absorbed at the stagnation point, Btu ft-2

dq

heating rate at the stagnation point, _, Btu ft-2sec -_

distance from the center of planet_ ft

radius of planet_ 2.0926×107 ft for earth

radius of curvature of spacecraft surface_ ft

range_ ft

t time_ sec
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3

u

v

V

Y

c_

7

P

Po

Po

tangential velocity component normal to a radius vector 3 ft sec -l

radial velocity component_ ft sec -l

resultant velocity, ft sec -m

altitude, ft

angle of attack of spacecraft 3 deg

atmosphere density decay parameter_ 1/23_OO ft -l for earth

flight-path angle relative to the local h<rizontal, negative for

descent, deg

gravitational constau%t, 1.4078xlO le ftSsec for earth

atmosphere density, slugs ft -a

atmosphere density at planet surface, 0.O(1238 slug ft -s for earth

mean value for exponential approximation %o atmosphere density-

altitude relation. O.OO27 slug ft -s for earth

Sub script s

c convective

i initial

max maximum

p vacuum perigee

r radiative

ANALYSIS

Most of the analysis is identical to that in reference 7 and is

repeated here for the convenience of the reader.



Trajectory Equations

A trajectory analysis has been madeutilizing the solution of
two-dimensional equations of motion for entries into an exponential
atmosphere of a nonrotating spherical earth. The polar coordinate system
with velocity components_aerodynamic forces; and flight-path angle is
defined in the sketch. The differential equations for the velocity in the

radial and tangential directions
D

k_Flig ht

\

path

are_ respectively_ (see ref. $)

dv -g + u2 + L D.... cos 7 - -- sin 7
dt r m m (_)

du uv D L
- cos 7 - -- sin Y

dt r m m (2)

where

v (3)tany =_

r = ro + y (_)

and g is the local gravitational acceleration given by

g=_ (_)
ra

The constant _ in equation (5) is the gravitational constant defined by

Newton's inverse square law of gravitational attraction. The differential

equations employed for the altitude and range are_ respectively_

dy-- = v (6)
dt

ds
-- = u (7)
dt

The differential equations used for the total laminar convective heat

(after ref. 8) and the radiative heat (ref. 9) absorbed per unit area

at the stagnation point are_ respectively_

(8)

dqr- qr = RIof(Y'V)
dt

(9)

A
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where

stagnation point, p is the local atmosphere density given by

p = _0 e-_By

and V is the resultant velocity given by

v = ,/u2 + v2

R is the radius of curvature of the spacecraft surface at the

(L0)

(ll)

The radiative heating rate per unit area at the stagnation point is

obtained from an interpolation of a table for the logarithm of

equation (9)_ that is,

/6r\
og_o<j_-]= f(y,V) (12)

Valuesof ({r/R)as a f_otlonof altitudeandvelooityforairin eq_-
libriu__ereobtainedfromreference9. Thesix_q_tions(1),(2),(_),
(7), (8), and (9) were programed for simultaneous solution on an IBM 7090

computing machine.

Spacecraft Characteristics

Modulation is accomplished in the present investigation by varying

the spacecraft drag coefficient and lift-drag ratio during entry. The

&rag coefficient and lift-drag ratio are calculated on the assumption

(as in ref. i0) that the spacecraft has a variation of lift and drag

similar to that for a flat plate in Ne_¢tonian flc_¢ given by

CD = CD ° + <CDmax- CD_ sinS_ (13)

/C - CD_ sin2c_ cos a,
cT,: < Dma_ o/

(14)

L sin_ cos _ (15)
: b + sinS_

where

b

CD o

CDms_x - CDo

The particular drag polar with a maximum lift-d_rag ratio of 0.5 used in

the present investigation is given in figure i. The results, however,

can be sho_n to apply to a family of spacecraft having (L/D)ma x = 0.5 with

various values of CDmax and CDo provided CDmax/CDo remains constant
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and the initial m/A is adjusted to give initial values of m/CDA

equal to those used in the present investigation. A value of m/A = 3
was used in the present calculations.

The results of the present analysis can be applied to spacecraft

of arbitrary weight and size by employing the results of reference 8.

According to these results, many of the trajectory parameters are essen-

tially independent of _CDA. In this category are deceleration, velocity,

flight-path angle, and range. Trajectory parameters that depend on m/CDA

are altitude and convective and radiative heating where the relationships
for altitude and convective heating can be shown to be

and

(16)

(17)

The subscript i refers to values of the present report and the subscript 2

corresponds to other values of m/CDA or m/CDAR. Equations (9) and (16)

and reference 9 can be used to calculate radiative heating if the

velocity-time and velocity-altitude relationships are given.

Corridor Depth

In general, corridor depth is defined as a difference in perigee

altitudes of vacuum trajectories corresponding to a difference in two

flight-path angles at a given initial altitude and velocity. The flight-

path angle associated with the higher of the two perigee altitudes is

referred to as the angle for an overshoot boundary. In the present

paper this angle is defined as the most shallow angle for which the

spacecraft will not skip beyond an altitude of 400 statute miles after

entering at its highest negative lift-drag ratio. For the spacecraft

studied in this paper, m/A _ 3, (L/D)max = 0._, this angle is determined

to be -5.03 ° for an initial altitude of 400_O00 feet and parabolic

velocity. The angle associated with the lower of the two perigee alti-

tudes is referred to as the angle for an undershoot boundary. This angle

can be defined as the steepest angle for which the spacecraft enters

the atmosphere without exceeding specified constraints of deceleration_
heat loads, Reynolds number_ etc. (see, e.g., refs. I0 and ii). In the

present paper the angle for an undershoot boundary is determined by only
a deceleration limit; deceleration limits from about 2 to i0 are consid-

ered. After peak deceleration has been reached, the spacecraft is

maneuvered both to stay within and to skip beyond the sensible atmosphere

with the stipulation that s_bsequent decelerations do not exceed the peak

value first experienced. The relationship between perigee altit_ie and
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flight-path angle for a spacecraft at parabolic velocity can be shown

from vacuum trajectory relationships to be

yp : YiCOS27i - ro(l - cos27i )
(18)

Perigee altitmie and corridor depth are presented In figure 2 as functions

of flight-path angle for an initial altitude of 400,000 feet. A corridor

depth of zero corresponds to entry along the overshoot boundary,

Yi = -5"03o"

P_]SULTS AND DISCUSSION

Atmosphere entry trajectories are analyzed to determine the range

for two types of maneuvers which involve discrete changes in lift-drag

ratio. For one type of maneuver, range is controlled principally by

varying the point in the trajectory where the lift-drag ratio is reduced

to maximum negative lift-drag ratio. For the other type of maneuver;

range is controlled principally by varying the value to which the lift-

drag ratio is reduced. The influence on range of maximum deceleration

limits and an error in lift-drag ratio is determined; the convective

and radiative heating also are studied. The error in lift-drag ratio

employed, 0.001; is calculated by use of equations (i) and (2) with

an assumption of currently realistic guidance system errors of lO-4g

in measuring deceleration and 0.05 ° in measuring flight-path angle.

Comparison of the T_o Types of Maneuvers

The altitude-range relationships for the two types of maneuvers are

shown in figure 3 for the same initial flight-path angle (7_ = -7.52°) •

The entries start with the spacecraft at maximum lift-drag 9atio

(L/D = 0.5). For the entry shown by the solid curve, the initial L/D

is held constant until after peak deceleration and only long enough so

that an instantaneous change to L/D = -0.5 prevents the spacecraft

from skipping higher than 300,000 feet. At the top of the skip the L/D

is changed to +0.5 to obtain maximum range from this point to touchdown.

For the entry shown by the dashed curve; the initial L/D is held

constant until the bottom of the pull-up; 7 -" 0°. Then the L/D is

reduced only as much as is required to prevent the vehicle from skipping

beyond 300,000 feet, to a value of 0.07 for the entry shown. At the

top of the skip the L/D is again changed to +0.9. For both entries,

the first changes in L/D are made in a region of relatively high

dynamic pressure where any change in L/D greatly affects the subsequent

trajectory. To assess the sensitivity of range to errors in L/D in

this region, the trajectories are also calc__lated w_th L/D = -0.9 + 0.O01

and L/D = 0.07 ± 0.OO1 from the points indicated to the tops of the

subsequent skips. It can be seen that initiating the reduction in L/D



at the bottom of the pull-up_ rather than using maximum L/D for a
longer time, results in a decrease in range of about 1700 miles. It
should be emphasizedthat for the entries shown_the vehicle is required
to stay within the sensible atmosphere; that is_ the desired trajectory
calls for a skip altitude of 300,000 feet. Whenan error in L/D
of +0.001 is introduced in the entry at the bottom of the pull-up, the

skip altitude of the actual trajectory varies only a few thousand feet

above or below that for the desired trajectory and the resulting varia-

tion in range is about 200 miles. However, when an error in L/D

of 0.001 is introduced in the entry using maximum L/D after 7 = 03

the spacecraft actually skips to an altitude of somewhat less than

500_000 feet and the resulting uncertainty in range is about 6,600 miles.

The larger uncertainties in range, of course, require more corrective

maneuvers to reach a desired landing area.

The uncertainty in range due to an error in L/D, when the vehicle

is allowed to skip to desired altitudes between 300_000 feet and 400 miles

to obtain long range, is shown in figure 4. Uncertainty in range is shown

as a function of range for the two types of entries described previously.

For the entries with the maximum L/D held constant until 7 is greater

than 0° (solid curve), the range is controlled primarily by varying the

time of application of maximum positive L/D. For the entries with the

maximum L/D held constant only until the bottom of the pull-up (dashed

curve), the range is controlled primarily by varying the L/D at the

bottom of the pull-up. For these latter entries, the uncertainty in

range is relatively small, even for ranges over 20,000 statute miles;

and the uncertainty in range is relatively insensitive to range. For the

entries with the maximum L/D held constant until 7 is greater than 0°,

the uncertainty in range decreases rapidly with increasing range but it

is always greater than that for the entries with the maximum L/D held

constant only until the bottom of the pull-up.

Influence of Maximum Deeeleration on Range

The influence of maximum deceleration on range and uncertainty in

range is show_ in figure 5. The results are presented for entries during

which (L/D) i is held constant only until the bottom of the pull-up. _

These results are for desired skip altitudes of 300,000 feet and 400 miles

for corridor depths of i0_ 20_ and 30 males. The cross-hatched boundaries

indicate the entries which require the maximum initial L/D capability

of the vehicle ((L/D)i = 0.5) to obtain the lowest possible deceleration.
Higher decelerations are a result of decreased initial L/D. For each

corridor depth, the uncertainty in range resulting from an error in L/D

is indicated by the dotted areas. For example, as shown in figure 5(a)_

for entry along the 5.6g-limited undershoot boundary of a 20-mile

corridor the range varies from about 16_000 miles to 8_000 miles for an

_At the bottom of the pull-up the L/D is reduced to obtain the

desired skip altitude. The L/D is then changed to (L/D)max to obtain
maximum range from this point to touchdown.



error in L/D of ±0.001. It should be recalled that the introduction
of an error in L/D reset_Its in an actual skip altitude which deviates
from the desired value. The results presented in figure 5(a) for a
desired skip altitude of 300_000feet showthat for maximumdecelerations
from about 8g to lOg_ ranges on the order of 6_O00miles are obtained
with relatively little _mcertainty for an error in L/D of ±0.001. The
midcourse guidance requirements are not considered stringent since it is
necessary for the spacecraft to hit corridor depths of not less than
about 20 miles (see, e.g._ ref. 12). For maximumdecelerations of
about 5g, howeverj the uncertainty in range is extremely large ur_less
the midcourse guidance system can guide the spacecraft to very small
corridor depths. Even for a corridor depth of i0 miles_ the uncertainty
in range is about 2500 miles.

The results presented in figure 5(b) for a desired skip altitude
of 400 miles are similar to those for skips limited to 300_000 feet.
However_for maximumdecelerations from about 8g to 10g ranges over
20_000 miles can be obtained with relatively little uncertainty for
corridor depths greater than 20 miles. For a maximumdeceleration
of 5g_ global range can be obtained with little uncertainty for corridor
depths of i0 miles or less.

Stagnation-Point Heating

The stagnation-point heating of the spacecraft associated with
variations in range and maximumdeceleration is shownin figure 6. The
spacecraft is assumedto have a spherical face with a radius of i0 feet
and an m/A of 3- The total convective heating per unit area (on the
left) and the total radiative heating per unit area (on the right) are
show_as functions of the range. The maximumheating rates per unit
area are also indicated. The results are shownfor undershoot boundaries
limited by maximumdecelerations of _g and lOg_ _ud for maneuvers in
which the initial L/D is held constant until 7 _ 0°. It can be seen
that the total convective and radiative heating are relatively insensitive
to range. This is a result of the fact that most of the heating occurs
at relatively low a!tit_les_ whereas most of the range is obtained at
high altitudes. Thus_ essentially no penalty in heating is paid for
obtaining the longer ranges_ even for those as long as global range.
The total convective heating is higher for the entries limited by maximum
decelerations of 5g than lOg; the reverse is true for the total radiative
heating and the heating rates. The results are essentially the samefor
the entries in which the initial L/D is held constant as long as
possible.



i0

CONCLUDINGREMAEKS

Atmosphere entry trajectories have been computedto determine the
range for two types of maneuvers. The influence on range of maximum
deceleration limits and an error in lift-drag ratio have been determined;
the convective and radiative heating also were studied. The study was
madefor a spacecraft w_th a maximumlift-drag ratio of 0.5 entering the
earth's atmosphere at parabolic velocity. The results indicate that the
spacecraft aerodynamics can be controlled for both types of maneuvers
to obtain ranges up to global range. For an error in lift-drag ratio
of +0.001 over part of the trajectories, the range is obtained with

relatively small errors for one of the types of maneuvers, depending

upon deceleration limit and corridor depth. Essentially, no penalty in

heating is incurred for ranges from about 5jO00 miles to global range.
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Ames Research Center

National Aeronautics and Space Administration

Moffett Field_ Calif., Nov. 6, 1961
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